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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1166

A COMPARISON OF REVERSE-FEED AND POROUS-TUNGSTEN
ION ENGINES

By Thaine W. Reynolds and J. Howard Childs

SUMMARY

A comparison of the theoretical performance of reverse-feed and
porous-tungsten cesium ion engines is made considering (1) power effi-
ciency, (2) propellant utilization efficiency, (3) current densities,
(4) emitter temperature, and (5, charge exchange, at specific-impulse
levels of 3000 to 10,000 seconds.

The porous-tungsten engine becomes better as the pore size becomes
smaller and the fractional open area increases. For small pore size (1
to 2 microns), the porous-tungsten engine has better propellant utiliza-
tion efficiency than the reverse-feed engine. Charge exchange currents
are lower for the porous-tungsten engine at low power efficiencles. At
higher power efficiencies, however, the charge exchange currents are
comparable for the two engine types.

Higher power efficiency can be attained with the reverse-feed engine
for any given level of current density, or the same power efficiency can
be attained at lower current density levels with the reverse-feed system
than with the porous-tungsten engine. If porous-tungsten engines can be
operated at extremely high values of current density so as to achieve
high power efficiencies, then the propellant utilization efficiency de-
creases, and in some cases becomes comparable with the utilization effi-
ciency of the reverse-feed engines.

INTRODUCTION

Because of the capabilities of electric propulsion for space flight,
there is currently considerable effort going into the research and devel-
opment of electric propulsion devices. One class of such devices is the
electrostatic ion engine which employs contact ionization of the propel-
lant on a heated surface to produce the ions. There are essentially two
types of engines employing contact ionization which have been investi-
gated to date (ref. 1). These have been classified according to the



manner or direction in which the propellant is introduced onto the
ionizing surface. In the reverse-feed system, the propellant is fed
back toward the surface, opposite to the direction of the main ion
stream; in the through-feed system, the propellant feed flow is from
behind the surface, through the porous structure of the ionizing surface
material. For the latter type, the almost universal choice has been a
porous-tungsten structure made from sintered pcwder.

The purpose of the present report is to present results of perform-
ance analysec of both reverse-feed and porous-tungsten ion engines using
tungsten as the surface and cesium as the propellant.

Characteristics of the reverse-feed ion engine are presented in ref-
erence 2, wherein the details of the assumptions and calculations are
included. These performance characteristics include the flux patterns
onto the ilonizing surface, propellant efficiency, power efficiency, and
the extent to which the ion current will engage in charge exchange re-
actions with incoming neutrals.

Analysis of the porous-tungsten ion engine is presented in refer-
ence 3, wherein the desired pore size for such a purpose is shown to be
approximately 1 micron. With pores much above this size, the loss of
neutral atoms becomes large and temperature requirements for the emitter
become great. Preparation of a porous structure with pores smaller than
1 micron that will retain its permeability at the required temperature
levels has not yet been demonstrated. It was also shown that emittance
values of the porous surfaces did not reach the low emissivity values of
polished tungsten. The word "emittance" is used here to differentiate
between an unpclished surface and a polished surface.

The present report, then, draws upon the conclusions of references
2 and 3 to campare the performance at specific-impulse levels of 3000
to 10,000 seconds of the reverse-feed and porous-tungsten ion engines
as to (1) power efficiency, (2) propellant utilization efficiencies,
(3) current densities, (4) emitter temperature requirements, and (5) the
amount of charge exchange occurring.

DESCRIPTION OF ENGINES AND ASSUMPTIONS

The engine models upon which the comparison in this report 1s based
are shown in figure 1. Figure 1(a) shows the reverse-feed system. Ces-
ium propellant is fed onto the ionizing surface through slots in the
feed tubes located a distance h downstream from the emitter. As shown
in reference 2, the performance of this type of engine varies with, and
may be characterized by, the ratio of this distance h to the width of

the emitter WE. The ratio h/WE is one of the parameters used herein.
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The icns formed et the emitter are sccelerated to the desired specific
impulse by the accelerate-decelerate electrode system of total spacing
L from the emitter.

On the basis of the calculations of reference 2, reverse-feed
engines selected for comparison in this report assume a ratio of feed
distance to emitter width h/WE from 0.3 to 0.5. The propellant issu-

ing from the feed slot is assumed to spread following a sixth-power co-
sine law.

In figure 1(b) is shown a through-feed system employing a porous-
tungsten ionizer. Here the cesium propellant must pass through the
thickness of porous material tp to reach the ionizing surface. As

discussed in reference 3, the important parameters characterizing the
performarnce of the porous-tungsten ionizer are the pore size and the
fraction of the total cross sectlon which 1s open to flow and effective
for surface ionization. Two sources are discussed from which ilon cur-
rent might be cobtained from porous tungsten: the downstream surface
aefter diffusion across the surface, and the distributed charge inside
the pore at the exit plane. The magnitude of the possible current by
“he latter source would depend upon the extent that the applied field
could penetrate into the pores. Since this penetration has not been
determined, but is expected to be small, the possible current from this
source has not been included in the present analysis. Ion current from
surface diffusion only is ausumed.

Fractional free cross sections £ of 0.1 and 0.2 and pore diameters

of 1 and 2 microns are assumed for the porous tungsten engines used for
comparison. These numbers represent reasonable ranges of values to be
anticipated based on current experience.

POWER EFFICIENCY

The main power loss in a contact ion engine Pr 1s the power

radiased by the hot surface. This loss depends on the emitter tempera-
ture and the thermal emittance of the hot surface:

_ Ton beam power _ Py
o> = Ton beem power + Rediated power = Pp + Py

1l

T \*
] 4573 ¢
eV \100




(Symbols are defined and a consistent set of units is given in the ap-
pendix.) The temperature to which the surface must be heated Tg to

attain high ionization efficiency depends on the current density desired
from the surface. When the current density is nonuniform over the sur-
face, as is the case with both the reverse-feed and porous emitter
engines, the emitter temperature is determined by the maximum current
density encountered rather than by the average current density.

As discussed in reference 4, the power efficiency for a surface with
nonuniform current density distribution is related to the power effi-
ciency for uniform flux by the relation

nP jav/‘jmax

nP,O Jay

jma.x

“Ympo Tl

This relation applies for surfaces at the same emitter temperature.

The power efficiencies for the porous-tungsten engines, calculated
as outlined in reference 4, are shown in figure 2 for a specific impulse
of 5000 seconds. Figure 2(a) is for a porous-tungsten structure with
10 percent fractional open area, and figure 2(b) is for one with 20 per-
cent open area. In the calculation of the power efficiency for the
porous-tungsten engines, a surface emittance value equal to twice the
emissivity of polished tungsten at the same temperature was used
(ref. 3). As noted in figure 2, for any given current density the power
efficiency increases as the pore size decreases and the fractional open
area of the porous tungsten increases.

For power efficiency at specific-impulse values other than 5000
seconds, the following relation is applicable:

_ 1

1 —
P 1+ (5000)2 1o-np
x’]

I é

where is the efficiency at 5000 seconds impulse. This relation is

1
p
plotted in figure 3 for convenience.

CHARGE EXCHANGE

Ions leaving the emitter are accelerated to the desired final ve-
locity through the accelerate-decelerate electrode system of the engine.
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During this travel, the ions pass through surrounding neutral cesium
atoms. In the case of the reverse-feed engine, the ions pass through
the neutral cesium feed. In the porous-tungsten engine, the neutral
cesium density results from the inefficiency of the ionizing source in
producing ions. During the travel some of the ions will engage in charge
exchanging reactions with the neutral cesium atoms. Since the result of
charge-exchange reactions in this case will be ions having improper ion
optics, the amount of the charge exchange current which occurs within
the electrode system is expected to be related to the emount of ion im-
pingement on the accelerator electrodes. This ion impingement causes
accelerator electrode ercsion and leads to shortened electrode life.

The charge exchange encountered, then, is expected to relate directly

to the electrode lifetime.

The fraction of the icn current leaving the emitter which engages
in charge exchange reactions is

where o, 1s the charge exchange cross section, ng is the neutral

cesium density, jy 1s the secondary ion current produced, and Jgy 1Iis

the average primary ion current density.

For the charge exchange calculations presented herein, a constant

0, of 1x10-18 sguare meter was used for cesium as in reference 2. It

is shown in reference 2 for a typical case that, by using thecretical
velocity-dependent values cf o© through the accelerator region, the

c
total charge exchange was reduced to about one-half the value obtained
using o, = 1X10-18 square meter. Inasmuch as experimental values of

0, for cesium are not yet available, it was felt sufficient to make

comparisons of performance using the constant o, value.

The calculations of charge exchange current density ratio js/jav

for the reverse-feed engine are presented in reference 2. For the
porous-tungsten engine, valiues of js/jav are calculated as follows.

The neutral atom density is

I’IO = fnnp
where fn is the ratio of neutral to charged emitted particle density.

Values of f,, are given in reference 5. The ion density at the emitter

Ny is given by the relation



<

jav

n =

? (%)(1 .6x107+)

where Vv 1is the mean particle velocity at the emitter temperature

1/8kTE7ﬂm5. Thus,

g B ooty oy

Jav (%-) (1.6x1071¥)

A value of L = 2 millimeters was used, the same as for the reverse-
feed engine.

Values of js/jav for both porous-tungsten and reverse-feed engines

are shown in figure 4 as a function of Charge exchange currents

Jav*
are considerably lower for the porous-tungsten engine over the range of
conditions shown in figure &.

COMPARISON OF PERFORMANCE

The calculated performance of both the reverse-feed and porous-
tungsten cesium ion engines is shown in figures 5 to 9.

Figure 5 shows the emitter temperature requirement as &a function
of the desired average current density. The ideal emitter, since it
has unifcrm coverage and therefore uniform current density over the
surface, requires the lowest emitter temperature. The reverse-feed
engines with h/WE in the range 0.3 to 0.5 require slightly higher tem-

peratures, reflecting a moderate nonuniformity in current density dis-
tribution. The porous-tungsten engine requires the highest emitter tem-
perature. As the pore size increases or the fractional open areca de-
creases, the required emitter critical temperature increases. These high
emitter temperature requirements reflect directly the large surface con-
centration gradients and, hence, current density variations across the
surface of porous-tungsten engines of large pore size.

If for any point on a curve of figure 5 one reads the corresponding
current density on the ideal curve at the same temperature, this current
density for the ideal emitter is also the maximum current density en-
countered on the emitter for the actual engine.

Figures 6 to ¢ show the various parameters compared on the common
basis of power efficiency at four levels of specific Impulse. Figure 6
is a plot of average current density against power efficiency. The
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reverse-feed engine shows higher power efficiency at all average current
tensity levels of interest. This higher power efficiency for the
reverse-feed engine is a result of (a) the lower emittance values as-
sociated with the nonporous tungsten surfaces and (v) the more uniform
current distribution from the surface with its accompanying lower emitter
temperature requirement.

These latter features are shown more strikingly in figure 7, which
shows the maximum current density and critical emitter temperature as a
function of power efficiency for both engines. The analysis for the
perous tungsten lon engines was not continued beiow =zbout 1300° XK, but
it may be noted (e.g., fig. 5) that for the smaller pore sizes of inter-
est (1 to 2 microns) the criticel temperature requirements are approach-
ing those of the ideal emitter as the current density requirement is
lowered. The power efficiencies in figure 7 for the porous-tungsten
engine will still be lower than those for the reverse-feed engine at low
current densities, however, because of the higher emittance of the
porcus-tungsten surface.

It is apparent in these figures that the relative performance does
not change with specific impulse, but of course the efficiency level
increases as specific impulse iz raised.

Comparison of the two engine types on the basis of charge exchange
currents is shown in figure 8. The porous-tungsten engine has lower
charge exchange currents than the reverse-feed engine over the range of
conditions included in this ccmparison. If overation at or below a
given level of js/jaV were desired, for instance, higher power efli-

ciency would be attained with tae porous-tungsten engine, as long as the
small pore size remained suitable. Charge exchange current increases
more rapidly with power efficiency for the porous-tungsten engine, and
it might be noted that, if the nigher levels of power efficiency were
the required operating corditions, the charge exchange currents might be
of comparable values. The curves for the porous-tungsten engine in
figure 8 were not extended to higher power efficiencies because of the
extremely high values of current density that would be required. It
might be impossible to operate a porous-tungsten engine under such re-
guirements.

The propellant utilization efficiencies are shown in figure S as a
function of power efficiency. The porous-tungsten engine has better
propellant utilization as long as the comparison is confined to the small
pore sizes as shown here (1 to 2 microns) and to lower power efficien-
cies. In the small pore range the propellant utilization efficlency ap-
proaches the equilibrium ionization efficiency for the cesium-tungsten
system, as given by the Saha-Langmuir relation. The reverse-feed engine
has reduced propellant utilization efficiency due to the propellant that
does not reach the emitter initially because of the spread of the cesium



feed from the injector or because of Loss of the feed from charge ex-
change with the ion beam. The propellant flux distribution for the
reverse-feed engine was assumed to be that attained with apertures con-
sisting of narrow slots. If better propellant feed systems can be de-
veloped, the propeilant utilization efficiency for the reverse-feed
engine can be increased over values shown in figure 9.

SUMMARY OF RESULTS

Calculations of the performance of reverse-feed and porous-tungsten
cesium ion engines gave the following results:

1. The performance of porous-tungsten engines becomes better (power
efficiency and propeilant utilization efficiency increase, and charge
exchange currents decrease) as the pore size becomes smaller and the
fractional open area increases. Emitters with pore diameters of 1 mi-
cron or less and fractional open areas greater than 20 percent have
neither been tested in high-performance ion engines nor checked for
sintering at long times at high operating temperature.

The subsequent comments on porous tungsten are restricted to pore
sizes in the 1- to Z-micron-diameter range. These values, it should be
noted, are more favorable than is characteristic of most material in
present use.

2. The porous-tungsten engine is better than the reverse-feed engine
on the basis of propellant utilization efficiency or charge exchange cur-
rent at low and intermediate values of power efficiency. At high power
efficiencies, however, the charge exchange currents are comparable for
the two engines. At extremely high power efficiencies the propellant
utilization efficiency of the porous-tungsten engine decreases and in
some cases approaches the values for the reverse-feed engine.

3. Higher power efficiency can be attained with the reverse-feed
engine for any given level of current density, or the same power effi-
ciency can be attained at lower current density levels with the reverse-
feed system than with the porous-tungsten engine.

4. The required emitter temperature is always higher for the porous-
tungsten engine than for the reverse-feed engine. At the higher power
efficiencies the difference in emitter temperatures is increased.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, September 18, 1961
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J max

Jg

APPENDIX - SYMBOLS
(Units of the rationalized mks system are used.)
fractional free cross section, dimensionless

ratio of neutral to charged particle emitted density, dimension-
less

distance of feed injector hole from emitter face, m
specific impulse, sec

average current density, amp/mz

maximum current density, amp/m2

secondary current density from charge exchange, amp/m2
Boltzmann constant, joules/%K

length of accelerate-decelerate electrode system, m
particle mass, kg

charged particle density, m=>

neutral particle density, m=>

ion beam power, w

power radiated by hot emitter surface, w

emitter temperature, CK

total voltage drop of accelerate-decelerate system, v
arithmetic mean particle velocity, m/sec

emitter width, m

surface emittance, dimensionless

power efficiency, dimensionless

power efficiency at specific impulse of 5000 sec, dimensionless



10

power efficlency of ideal emitter with uniform current density,

dimensionless
1 propellant utilization efficiency corrected for charge exchange,
4, e dimensionless
o charge exchange cross section, me
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Ratic of charge exchange current density to average current density, Js/jav
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